Objective: To elucidate if fat oxidation at rest predicts peak fat oxidation during exercise and/or metabolic phenotype in moderately overweight, sedentary men. Design: Cross-sectional study. Subjects: We measured respiratory exchange ratio (RER) at rest in 44 moderately overweight, normotensive and normoglycemic men and selected 8 subjects with a low RER (L-RER, body mass index (BMI): 27.9±0.9 kg m À2 , RER: 0.76±0.02) and 8 with a high RER (H-RER; BMI 28.1 ± 1.1 kg m À2 , RER: 0.89 ± 0.02). After an overnight fast, a venous blood sample was obtained and a graded exercise test was performed. Fat oxidation during exercise was quantified using indirect calorimetry. Results: Peak fat oxidation during exercise was higher in L-RER than in H-RER (0.333 ± 0.096 vs 0.169 ± 0.028 g min À1 ; Po0.01) and occurred at a higher relative intensity (36.2±6.6 vs 28.2±3.1% VO 2max , Po0.05). Using the International Diabetes Federation criteria, we found that there was a lower accumulation of metabolic risk factors in L-RER than in H-RER (1.6 vs 3.5, P ¼ 0.028), and no subjects in L-RER and four of eight subjects in H-RER had the metabolic syndrome. Resting RER was positively correlated with plasma triglycerides (Po0.01) and negatively with plasma free fatty acids (Po0.05), and peak fat oxidation during exercise was positively correlated with plasma free fatty acid concentration at rest (Po0.05). Conclusion: A low RER at rest predicts a high peak fat oxidation during exercise and a healthy metabolic phenotype in moderately overweight, sedentary men.
Introduction
One major metabolic disturbance reported in obesity is a decrement in whole body and skeletal muscle fatty acid oxidation in the fasted state, 1 under post-absorptive conditions 2 and during b-adrenergic stimulation. 3 The evidence for an obesity-induced attenuation of fat oxidation during exercise is less clear. Some studies report a reduced fat oxidation during exercise in obese subjects 4, 5 whereas other studies found similar rates of fat oxidation during exercise in lean and obese individuals. [6] [7] [8] The interindividual variation in peak fat oxidation during exercise is considerable even in healthy individuals where it varies from 0.18 to 1.01 g min
À1
. 9 In healthy lean young men both intra-and interpersonal variation of fat oxidation at rest persists through low and moderate exercise intensities, but not through high exercise intensity. 10 Data from the National Health and Nutrition Examination Survey (NHANES) from 1999 to 2004 suggest that 51% of overweight and 32% of obese individuals exhibit a metabolically healthy phenotype. 11 It is not known why such a large proportion of overweight and obese individuals seem to avoid the metabolic derangements after obesity, but one possible mechanism is that a high peak fat oxidation capacity facilitates a metabolically healthy phenotype despite of overweight or obesity. A low fat oxidation at rest has previously been described as a predictor for weight gain [12] [13] [14] and might be involved in the development of insulin resistance. 15, 16 In this study we investigated peak fat oxidation during exercise in moderately overweight, sedentary, but otherwise healthy subjects, who were selected for either a high or a low fat oxidation under resting and fasting conditions. We chose to study relatively young subjects (age 20-40 years) to avoid the influence of the secondary complications of obesity on the parameters studied. We hypothesized that subjects with a high fat oxidation at rest would also have an increased peak fat oxidation during exercise and a healthier metabolic phenotype.
Methods
Subjects and screening procedure Subjects were recruited from the Copenhagen area, using advertisements in the general media and on university campus. Male subjects were enrolled based on the following criteria (1) moderately overweight (body mass index (BMI) 25-30 kg m À2 ), (2) sedentary lifestyle (no engagement in structured physical activity based on an interview), (3) age 20-40 years and (4) weight stable ( ± 2 kg) within the past 6 months.
A large group of subjects volunteered for participation and was initially screened by telephone interview. Out of this group 82 overweight but otherwise healthy male subjects were invited to participate in the clinical screening of the study (Figure 1 ). Subjects with hypertension (blood pressure (BP) 4140/90 mm Hg), impaired fasting glucose (46.1 mmol l À1 ), predisposition to type 2 diabetes (family history) and with medically diagnosed disorders were excluded. Subjects underwent a graded exercise test to establish maximal oxygen uptake (VO 2max ). Attainment of VO 2max was accepted when a leveling off in oxygen consumption was observed and when respiratory exchange ratio (RER) was above 1.15. Subjects with maximal oxygen uptake (VO 2max ) 450 ml O 2 min À1 kg À1 were not considered sedentary and were not included in the study. Pulmonary VO 2 and VCO 2 were measured using an automated online system (Oxycon Pro system; Jaeger, Würzberg; Germany), and heart rate was monitored continuously using a Polar RS400 (Polar Electro, Oulu, Finland). Before every test, a volume calibration and a calibration of the gas analyzers using gases of known composition were performed. Eligible subjects were informed about the purpose, nature and possible risks of the study before they volunteered to participate. The study was approved by the scientific ethical committee of Copenhagen municipality (KF-012006-6443) and adhered to the Declaration of Helsinki Principles.
Experimental design
After the screening session, 44 subjects (age 30.9 ± 6.1 years, BMI 28.1±1.3 kg m
À2
, VO 2max 37.0±5.0 ml O 2 min À1 kg À1 ) were invited to participate. On the first experimental day, subjects arrived at the laboratory after an overnight fast. After a 10 min rest in the supine position BP was measured using a digital BP monitor (UA-187; A&D Medical, Tokyo, Japan). BP was measured three times with 2 min intervals, and the mean of these measurements was used in the analyses. After another 30 min of rest the energy expenditure (REE) and substrate oxidation were measured by indirect calorimetry using a ventilated hood system (Oxycon Pro; Jaeger). The pulmonary gas exchange measurements were performed during a stable 5-10 min period at the end of the 20 min measurement period. Based on the RER at rest, we divided the population into quintiles. The lowest (L-RER) and highest (H-RER) quintiles, each consisting of eight subjects, represent two distinct metabolic phenotypes, and these two groups of subjects went through further tests. The flow chart of the experiment is presented in Figure 1 .
The 16 subjects selected returned to the laboratory on a second day in the overnight fasted condition. After a 30 min rest in the supine position a blood sample was drawn from a vein on the dorsal aspect of the hand or wrist. Body composition was assessed using dual-energy X-ray absorptiometry (DPX-IQ X-ray bone densitometer version 4.7e; Lunar Corporation, Madison, WI, USA). Waist/hip ratio (WHR) was determined, where waist circumference (WC) was measured at the narrowest part between the last rib and iliac crest after a gentle expiration and the hip circumference at the maximum posterior extension of behind. 17 To determine peak fat oxidation during exercise, we performed a graded exercise bicycle test, as previously described. 18 In brief, the test started by recording fat oxidation at rest, thereafter exercise was performed at 60 W for 8 min, followed by 30 W increments every third minute until an RER 41.0 was reached. This protocol was introduced and validated by Achten et al. 19 and in the present study modified with increments decreased to 30 W rather than 35 W to accommodate the lower exercise capacity in young inactive overweight men. . However, subjects in this were normotensive and normoglycemic on inclusion, which alleviates the use of the latter two criteria. To further highlight metabolic susceptibility, we depicted two other metabolic risk factors: WHR 40.9 and plasma lowdensity lipoprotein (LDL)-cholesterol concentration o2.5 mmol l
À1
. 21 Before the second experimental day subjects ate their habitual diet, and registered their dietary intake in 3-day dietary records. All food and beverages consumed were weighed to the nearest gram using electronic scales. To estimate level of physical activity, the subjects were told also to monitor and record all activities throughout the 3 days carefully. The food records were used to estimate daily energy intake and macronutrient composition using Dankost 3000 (Dansk Catering Center, Herlev, Denmark). The activity records were used to estimate daily energy expenditure, which was calculated by activity codes using MET intensities. 22 Subsequently, energy balance was determined by subtracting energy expenditure from energy intake. 23 Substrate oxidation at rest and during exercise was calculated using standard indirect calorimetric equations 24 with the assumption that protein oxidation was constant and limited. 25 Fat oxidation was calculated during the last 90 s of each incremental step in the graded exercise test. For each subject, a standard polynomial curve fitting was used to assess peak fat oxidation and the relative exercise intensity (Fat max ), where this occurred. 19 REE was calculated using the Weir equation. 26 Blood was collected and one part was used for immediate analysis of plasma glucose concentration on an automated glucose analyzer (ABL 625 System; Radiometer, Copenhagen, Denmark) and for analysis of plasma glycosylated hemoglobin (Hba1c) concentration on a Bayer DCA 2000 þ (Bayer Healthcare, Elkhart, IN, USA) using a latex immunoagglutination inhibition method. The remaining part of the blood sample was immediately centrifuged at 2500 r.p.m. at 4 1C and the plasma fraction was collected and stored at À20 or À80 1C for later analysis. Plasma insulin concentration was determined using a radioimmunoassay kit (Insulin RIA100; Pharmacia, Uppsala, Sweden). Plasma nonesterified fatty acid (NEFA) concentration was measured using a Wako NEFA-C test kit (Wako Chemical, Neuss, Germany) and determined on an automated analyzer (Hitachi 612 Automatic Analyzer; Roche, Basel, Switzerland). Plasma total cholesterol, LDL-cholesterol, HDL-cholesterol and TG concentrations were assayed enzymatically on a Roche Modular Analytics (SWA) Modul P (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer's specifications. Plasma C-reactive protein was measured by immunoturbidimetry using a Roche Modular Analytics (SWA) Modul P (Roche Diagnostics, Basel, Switzerland).
A surrogate measure of insulin resistance was calculated based on the homeostasis model of insulin resistance (HOMA-IR) 
Results
Despite the marked difference in RER at rest between the L-RER and the H-RER groups (Po0.001), age, body weight, body composition, BP, VO 2max or REE did not differ significantly between the two groups (Table 1) . Furthermore, there was no difference in total daily energy intake (10.9±0.7 vs 11.8±0.6 MJ per day) or in dietary fat intake (29 ± 6 vs 30 ± 8 E%) between L-RER and H-RER groups. Also, 
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there were no differences in dietary carbohydrate, protein, fiber or added sugar intake between the two groups (data not shown). Moreover, total daily energy expenditure was not different between the groups (12.8 ± 0.7 vs 12.1 ± 0.3 MJ per day). The daily caloric deficit (energy intake-energy expenditure) tended (P ¼ 0.08) to be larger in L-RER compared with H-RER group (À1.9 ± 0.8 vs À0.4 ± 0.5 MJ per day). Plasma TG concentration was lower (Po0.01) in L-RER compared with H-RER group, and although there were no significant differences in fasting plasma insulin (P ¼ 0.08) and HOMA-IR (P ¼ 0.09) between L-RER and H-RER groups, a trend toward lower values was observed in L-RER group (Table 2 ). There were no significant differences in the concentrations of fasting plasma glucose, Hba1c, C-reactive protein, LDL-cholesterol, HDL-cholesterol or NEFA between groups (Table 2) . Peak fat oxidation during exercise was markedly higher (Po0.01) in L-RER than in H-RER group, and the relative exercise intensity at which it occurred was also higher (Po0.05) in L-RER than H-RER group (Figure 2) .
In H-RER group four out of eight subjects met the definition of the metabolic syndrome as defined by the International Diabetes Federation criteria, whereas none met the definition in L-RER group. On average, subjects in L-RER group had a lower (P ¼ 0.028) accumulation of metabolic risk factors than subjects in H-RER group (1.6 vs 3.5 risk factors). The accumulated presence of metabolic risk factors (high WC, high plasma TG concentration, low HDL-cholesterol concentration, high LDL-cholesterol concentration and high WHR) in L-RER and H-RER groups is depicted in Figure 3 .
When the 16 subjects are pooled to study associations, RER determined at rest was positively correlated with plasma TG concentration (R ¼ 0.71, Po0.01) and inversely correlated with plasma NEFA concentration (R ¼ À0.53, Po0.05). In addition, a positive correlation was observed between RER at rest and the calculated daily caloric deficit (R ¼ 0.54, Po0.05). Furthermore, RER at rest was inversely correlated with peak fat oxidation during exercise (R ¼ À0.71, Po0.001), and peak fat oxidation during exercise was positively correlated with plasma NEFA at rest (R ¼ 0.47, Po0.01). Is fat oxidation coupled to metabolic risk? M Rosenkilde et al
Discussion
Major findings in this study are that fat oxidation at rest predicts the peak fat oxidation during exercise in moderately overweight male subjects, and that a high fat oxidation capacity during exercise may convey protection toward developing an unfavorable cardiometabolic phenotype and the metabolic syndrome.
Endurance training leads to a higher fat oxidation during exercise at the same absolute and relative exercise workload. 9, 18, 28, 29 It has previously been shown that lean, endurance-trained subjects have an approximately twofold higher peak fat oxidation compared with lean, sedentary subjects during a graded exercise test. 18, 30 Interestingly, peak fat oxidation in subjects having similar VO 2max shows a marked variation in both lean sedentary 9,29 and trained individuals. 10 In this study we show that also in overweight sedentary male subjects major heterogeneity amounting to a twofold difference in peak fat oxidation during exercise is present. The intensity at which peak fat oxidation occurs is within the range that can be expected for sedentary subjects 9,18 within L-RER group, whereas for H-RER group the exercise intensity is somewhat low compared with previously reported results. Plasma NEFA was positively correlated to peak fat oxidation in the overweight sedentary men, which is consistent with findings reported by Goedecke et al. 10 in lean athletes.
In the latter study, RER at rest was correlated to RER during continuous exercise at low and moderate intensities. This observation is in line with the observed inverse correlation between RER at rest and peak fat oxidation in the present study, and indicates that the association between RER at rest and fat oxidation during exercise is present in both lean athletes and moderately obese men. During exercise, fat oxidation is influenced by numerous factors such as the training status (VO 2max ), 30 ,31 the preexercise diet 31, 32 and the muscle metabolic capacity. [33] [34] [35] In this study L-RER and H-RER subjects did not differ in VO 2max , and there was also no difference in fat and carbohydrate intake as assessed by the dietary registration, and therefore this does not explain our findings. Although not statistically significant, a trend (P ¼ 0.08) toward a slightly higher energy deficit was observed in L-RER compared to H-RER group, which in a perspective of homeostatic regulation 36 is consistent with a higher fat oxidation. However, when we accounted for the effect of energy deficit applying a covariance analysis the difference in fat oxidation between the groups was still highly significant. Furthermore, data from 3-day dietary records should be interpreted with caution as underreporting is a recurrent phenomenon. 37 In this study, muscle data are not available. Thus, possible differences in muscle fiber type, fat oxidative capacity or capillarization cannot be addressed. 38 Another important finding of this study is that a low fat oxidation (high RER) at rest and during exercise may be linked to an increased occurrence of the metabolic risk factors. The metabolic syndrome as defined by the International Diabetes Federation 20 was present in four of eight subjects in H-RER, and yet none in L-RER group. The clinical relevance and the usefulness of the metabolic syndrome is debated due to the dichotomous nature of the criteria, but in this setting we believe the application of the syndrome criteria illustrates the differences between the groups. In an analysis of overweight and obese subjects in the NHANES data set 11 and in a large sample of adult obese Italians, 39 it was shown that a fairly large amount of obese subjects (32 and 28%, respectively, in the two studies) are metabolically healthy, that is, they do not have any metabolic abnormalities except for excess weight and their condition is therefore termed uncomplicated obesity. It is tempting to speculate that L-RER subjects represent the overweight metabolically healthy phenotype (uncomplicated obesity), whereas H-RER subjects represent the overweight metabolically unhealthy phenotype, often referred to as the hypertriglyceridemic waist 40 or complicated obesity.
In this study, insulin resistance as estimated by HOMA and Hba1c did not differ significantly between groups, but plasma insulin and HOMA showed trends (P ¼ 0.08 and 0.09, respectively) toward higher and thus less healthy values in H-RER compared to L-RER subjects. One could speculate that a low fat oxidation at rest and during exercise within an overweight condition induces a deterioration of insulin sensitivity resulting in a higher plasma insulin concentration that further decreases fat oxidation in liver and muscle, and in effect creates a vicious circle leading to the complicated obesity phenotype.
The appearance of obesity is most often ascribed to either a decreased physical activity level or an inadequate dietary control leading to excess consumption of dietary fat and/or energy resulting in a positive fat balance and concurrent obesity. 14, 41 An apparent paradigm implies that fat oxidation is attenuated in obese compared with lean subjects, although the actual data, at least during exercise, are somewhat unequivocal showing attenuated, 4,5 similar 6-8 or in some cases higher fat oxidation in obese female subjects 42 compared with their lean counterparts. This observation of a twofold interindividual difference in peak fat oxidation among overweight male subjects, as also found in trained and lean subjects, 18, 30 implies that the above paradigm is inadequate and that fat oxidation capacity primarily has a predictive function within a specific weight group rather than across a range of body weights. Further studies are in needed to extend this finding into obese and even morbidly obese subjects.
Conclusion and perspective
In this study we show that a high fat oxidation at rest predicts a high peak fat oxidation during exercise and an attenuated metabolic risk in moderately overweight
Is fat oxidation coupled to metabolic risk? M Rosenkilde et al sedentary men. There is a strong need to identify the underlying mechanisms that expose some individuals to markedly higher metabolic disease risk.
